ABSTRACT: High-latitude marine communities are dependent on sea ice patterns. Sea ice cover limits light, and hence primary production and food supply. Plankton, carried by currents from open water to areas under the sea ice, provides a transitory food resource that is spatially and temporally variable. We recorded epifaunal abundances at 17 sites in McMurdo Sound, Antarctica, over 12 yr, and found differences in communities based on location and time. The differences in location support patterns observed in long-term infaunal studies, which are primarily driven by currents, food availability, and larval supply. The temporal differences, highlighting 2004 and 2009 as years of change, match the altered persistence of sea ice in the region, caused by the appearance and disappearance of mega-icebergs. The temporal changes were driven by changes in abundance of species that filter feed on large particulates. The shift in current patterns that occurred due to mega-icebergs decreased the normal food supply in the region. In addition to the decrease in food availability, we suggest that the reduced light resulting from thicker-than-normal sea ice resulted in a shift to smaller phytoplankton. A change in food quality as well as quantity may have influenced the temporal change in epifaunal communities.
INTRODUCTION
Polar regions are responding to climate change faster than other regions of our planet (Baettig et al. 2007 , IPCC 2014 , and climate change has had significant ecological impacts (Doney et al. 2012 ). Climate change is not limited to increasing temperature, and ecologically, the most important environmental change in polar regions is in sea ice (Hoegh-Guldberg & Bruno 2010) . Rapid warming and ice loss have been occurring in the Arctic and the western Antarctic (Schofield et al. 2010 , Maksym et al. 2012 ). In contrast, the Ross Sea, Antarctica, has been affected by a surface cooling trend due to increased winds and the resulting expansion of sea ice (through 2014) . A shift in upper atmosphere circulation driven by the ozone hole has resulted in increased westerly winds, more sea ice formation in polynyas, and greater sea ice extent during winter/spring (Cavalieri & Parkinson 2008 , Holland & Kwok 2012 , Lee & Feldstein 2013 . In the Ross Sea area, the sea ice season has lengthened by 2 mo, and on the regional scale within McMurdo Sound, the sea ice is refreezing earlier, although it is also retreating further (Kim et al. 2018) .
The influence of sea ice has for many years provided a working hypothesis on the underlying factors that control the ecosystem function of the high Antarctic benthos (Dayton & Oliver 1977 , Gutt 2001 , Norkko et al. 2007 , Lohrer et al. 2013 ), but the changing climate is modifying the distribution of ice, and consequently light. For the benthos, the amount of light for production is limited by the duration and thickness of ice and the amount of snow cover present over it (Eicken 1992 , Gomez et al. 2009 , Massom & Stammerjohn 2010 . In addition to the productivity dynamics, the shallow waters (< 30 m) in some locations are regularly physically disturbed due to anchor ice formation, and larger disturbance events extending to greater depths due to icebergs , Gutt 2001 , Brown et al. 2004 ). In McMurdo Sound in particular, the sea ice is fast for most of the year, and reduces both light availability and nearshore scouring due to pack ice or growlers. Antarctic marine community structure is thus a function of ice and light dynamics (Barnes 1999 , Smale 2007 .
Although global changes in the habitat are occurring, much benthic work in McMurdo Sound has focused on direct human impacts (Lenihan et al. 1990 , 2003 , Lenihan 1992 , Conlan et al. 2004 . Anthropogenic disturbances are small scale, localized, and well known (Dayton & Robilliard 1971 , Lenihan et al. 1990 , Conlan et al. 2004 ). Local contamination is intense, but overall, the benthic habitat of McMurdo Sound is among the least human-disturbed in the world (Dayton et al. 1974, Dayton & Oliver 1977 and references therein) . With this low level of small-scale disturbance, McMurdo is well positioned as a prime location for long-term ecological research on decadal patterns and regime shifts. Regime shifts described in the literature are usually defined on the basis of key species (Francis et al. 1998 , Chavez et al. 2003 ). Very few studies have shown how an entire community responds, although this may be done best in the benthos (Dayton & Tegner 1984 , Tegner et al. 1996 , Tunberg & Nelson 1998 .
In McMurdo Sound, an overarching influence on benthic communities is the pattern of current flow that dictates whether the pelagic food supply from the Ross Sea is periodically ample, or meager and analogous to the deep sea (Dayton & Oliver 1977) .
The Ross Sea is the most productive region of the Southern Ocean, producing > 200 g C m −2 annually (Smith et al. 2006b ). The McMurdo Sound benthos is nutritionally dependent on primary production from the Ross Sea (Barry & Dayton 1988) , with the annual phytoplankton bloom reaching McMurdo Station by local advection and seeding under the sea ice. Currents carry plankton southward along the east side of the Sound, under the permanent Ross Ice Shelf (Fig. 1) . Flow then turns and moves northwards on the west side of the Sound, but the planktonic community is depauperate, and oligotrophic conditions predominate (Barry & Dayton 1988) . On the western side of the Sound the sea ice breaks out infrequently, and the thickness of the multiyear ice limits light and also in situ production (Stockton 1984 , Dayton et al. 1986 , Kim et al. 2018 ). The dramatic difference between planktonic and benthic production in the eutrophic eastern and oligotrophic western Sound has significant impacts on the structure of the benthic invertebrate communities (Dayton & Oliver 1977 , Dayton et al. 1986 ).
Starting in 2000−2001, the oceanographic conditions in McMurdo Sound were modified (Arrigo & van Dijken 2003) following calving of the massive B-15 iceberg and grounding of a portion of it approximately 100 km northeast of McMurdo Station. This mega-iceberg blocked the Sound entrance and disrupted both inflowing currents carrying plankton from the open Ross Sea, and outflowing sea ice that normally allowed increased light levels and triggered a bloom of in situ producers during the summer (Arrigo et al. 2002 , Hunt & Hosie 2003 , Seibel & Dierssen 2003 , Remy et al. 2008 . The effect of these icebergs was a 40−70% reduction in phytoplankton production in 2000−2001 and 2002−2003 in the Ross Sea to the north of McMurdo Station, which resulted in changes in zooplankton composition (Arrigo et al. 2002 , Arrigo & van Dijken 2003 , Seibel & Dierssen 2003 . The annual summer sea ice break-up did not reach McMurdo Station between 2000 and 2008, resulting in a massive thickening of the sea ice (up to 9 m) with associated light reduction, reduced light penetration, and reduced access to primary production (both local and advected).
During this time there was also a shift in the benthic infaunal community, with the abundances of common species decreasing, although no species were lost (Conlan et al. 2010 , Thrush & Cummings 2011 . It is evident that infaunal individuals are able to survive for an extended period of time with low food input in the form of photosynthetic production, but it remains questionable whether they can reproduce successfully. Antarctic benthic organisms are generalist feeders, with many species switching between suspension and deposit feeding (Dayton et al. 1974 , 1994 and references therein, Slattery et al. 1997 . Some taxa that are typically suspension feeders have developed adaptations that allow them to feed on the sediment surface; they are able to take advantage of the short, rich seasonal plankton bloom but are also able to persist on alternative, lower-value food sources (sensu the 'food bank, ' Mincks et al. 2005 , Smith et al. 2006a . Thus, the community may be slow to respond, with individuals persisting for their (long) Antarctic lifetimes but not replacing themselves in the population, and a slow decline may be the precursor to a catastrophic population crash.
In a broad perspective, ecologists are working to better understand large-scale and long-term natural processes, in part to interpret anthropogenically driven changes. However, it is difficult to differentiate alterations due to natural long-term changes, such as regime shifts, from those induced by cumulative anthropogenic changes that may drive ecosystems into much more stable phase shifts (Pauly et al. 1998 , Scheffer et al. 2001 . Regime shifts or any large ecosystem phase shift can be a result of the interactions of many ecological processes (e.g. competition, disturbance, dispersal; Dayton et al. 1999 , Thrush et al. 2009 ). Alternatively, local-scale processes may involve simple feedback loops that build on each other to produce large-scale shifts (Dayton et al. 1999) . In various habitats, data have been collected for decades, and the potential for understanding large-scale and long-term processes is exciting. One of the challenges that plague such efforts is incompatibility of data sets in space and/or time (Bramer 2013) . Long-term data sets that have maintained standardized approaches or that have upgraded techniques and completed necessary comparative studies to preserve continuity are rare (Turner et al. 2014 , Priscu 2016 . Here we present a standardized long-term data set of the epifaunal benthic com munities in McMurdo Sound, Antarctica, and eval uate ecological changes with respect to the local climatology. ) areas. Species that could not be counted as individuals were not quantified (e.g. some hydroids, bryo zoans, and sponges). Two 3.1 cm diameter, 5 cm deep cores were collected: one for grain size analysis, which was refrigerated until processing; and one for carbon and nitrogen analysis, which was frozen until analysis. Infaunal core samples were also collected, and results were published by Conlan et al. (2004 Conlan et al. ( , 2010 ; the most recent samples are still being processed and identified.
Organisms visible in each quadrat or transect were identified to the lowest possible taxonomic category and enumerated. Taxonomy follows that of the World Register of Marine Species (WoRMS, www.marinespecies.org/about.php). Individual taxa were counted in either quadrats or transects, depending on abun- dance; we used a comprehensive and consistent species list, and for each site/year, we first analyzed quadrats, and subsequently transects, limiting the species list for transects to those that had not been found in quadrats. The counts were area-adjusted and combined into a single megafaunal data set, available at the Biological and Chemical Oceanography Data Management Office (BCO-DMO; https:// www.bco-dmo.org/dataset/745874/data).
Environmental parameters
Sediment grain size analyses were carried out with a Beckman-Coulter LS 13 320 laser particle size analyzer attached to an aqueous module equipped with a pump and a built-in ultrasound unit. The measured size distributions were analyzed from 0.04 µm to 2 mm. Measurements of such a wide particle size range are possible because the particle sizer is composed of 2 units: a laser beam for conventional (Fraunhofer) diffraction (from 0.4 µm to 2 mm) and a polarized intensity differential scatter (PIDS) unit, which measures particles based on the Mie theory of light scattering (0.04 µm; Beckman Coulter 2003) . The sediment samples were dispersed in de-ionized water, and increasing amounts of the sediment solution were added to the aqueous module of the par ticle sizer until obscuration values of 8−12% and PIDS obscuration values of 48−52% were obtained. Data interpolation and statistical analyses were ob tained with the laser particle sizer proprietary software (Beckman Coulter 2003) .
Because all samples analyzed tend to log-normal grain size distributions in the 0.04 µm to 2 mm spectrum, geometric rather than arithmetic statistics were applied to the values obtained by the logarithmically spaced size channels of the particle sizer.
For total organic carbon (TOC) and nitrogen analysis, frozen samples were thawed at room temperature and stirred, and approximately 5 g equivalent dry weight subsamples were treated with 5−10 ml of 0.5−1.0 M reagent-grade H 2 SO 4 as needed to remove all inorganic carbon. Samples were then dried at 60−70°C, visually inspected to ensure complete removal of any carbonate shell fragments, and homogenized in a ball-mill. A modification of the hightemperature combustion method, using a Wheatstone bridge current differential, was used in a 440 Elemental Analyzer (Control Equipment). Combustion was at < 800°C, below the CaCO 3 decomposition temperature. The manufacturer's suggested procedures were followed on duplicate or triplicate 5− 10 mg aliquots, with sample variance >10% leading to re-homogenizing and re-running the analysis. Calibration was with known standards using acetanilide or L-cystine every 20−30 machine sample runs, with ± 2% acceptable limits, and detection limits were 0.2 µg mg −1 carbon and 0.01 µg mg −1 nitrogen, dry weight. Quality control was maintained by analysis of National Research Council of Canada Marine Sediment Reference Material BCSS-1 at the beginning and end of each sample analysis set. All analyzed values were within the suggested criteria of ± 0.09% carbon, ± 0.008% nitrogen. Sediment data Because sea ice formation and cover is influenced by conditions during the previous months, data from the summer−winter months (December− September) prior to sample collection were used, e.g. meteorological data from December 2010 through September 2011 were paired to biological data from September 2011 to November 2011.
Statistical analysis
We used multi-dimensional scaling (MDS) to provide a clear graphical display of the similarities (and differences) between all sites and times. Abundances were square root transformed to balance the effects of abundant and moderately abundant species. Bray Curtis similarities were then calculated, and similarity profile analysis (SIMPROF; PRIMER version 6) was used to distinguish groupings by dendrogram.
To determine which species characterized groups and were responsible for differences between groups, we used the SIMPER routine. Analysis was done at the genus/species level rather than aggregating to family, as is common for macrofaunal data sets, because in this study, depth was not a variable and sediment grain size was a measured parameter, so genus or species replacement within the same family was not a likely complication.
To examine changes over years, we used 1-way (year) permutational multivariate analyses of variance (PERMANOVAs) within each site, with PERM-ANOVA pairwise comparisons where appropriate.
To determine which of the measured environmental parameters (sediment characteristics, wind velocity, air temperature) matched observed biotic patterns, we ran the BIO-ENV routine on normalized environmental parameters, removed correlated factors (mode and median grain size, which were correlated with mean grain size), and used the BEST match procedure to determine which environmental Euclidian distance resemblance matrices generated from subsets of environmental variables showed the highest rank-based matrix correlation with the epifaunal sample Bray-Curtis similarity matrix. 
Statistical groupings
Five large groupings were distinguished by SIM-PROF, as displayed by MDS (Fig. 2, see also Fig. S2 ). The groupings confirmed spatial differences established by previous studies (Dayton & Oliver 1977 , Conlan et al. 2004 
Taxonomic drivers
Taxa contributing to the SIMPROF groupings (Table 3 , see also Fig. S3 ) and the differences between them (Table 4) 
Environmental parameters
Measured environmental conditions did not generally correlate with community structure. Results of BEST analysis indicated that none of the measured factors, i.e. sediment grain size, sediment TOC, sediment N, wind, or air temperature, was strongly correlated with the spatial or temporal distribution of benthic communities. The best variable combination had fairly low correlation (ρ = 28%), and was primarily driven by the percentage of sediment in the 64−500 µm range, along with TOC, skewness, kurtosis, and to a lesser extent percent sediment in the < 63 µm range.
DISCUSSION

Temporal patterns
The main temporal change observed was a difference in 2004, which occurred at some, but not all, of (2010) distinguished between sewage-impacted and non-impacted infaunal communities and noted that changes occurred in both, suggesting that the larger-scale phenomenon of mega-icebergs blocking McMurdo Sound, which began in 2000, also influenced the change. The mega-icebergs changed the current pattern and provision of planktonic food to McMurdo Sound (Arrigo et al. 2002 , Arrigo & van Dijken 2003 , and also decreased the incident light by preventing movement of sea ice, which thickened into multi-year ice, further lowering productivity (Thrush & Cummings 2011) . The epifaunal community difference we observed occurred 1 yr later than the infaunal shift (sensu Thrush & Cummings 2011) . It is possible that the larger epifaunal animals have sufficient food stores to delay the impacts of starvation, and also that enough of them are mobile, including the key species Odontaster validus and Sterechinus neumayeri, so that they can rapidly move into or out of an area as conditions change. Under low light conditions, the echinoderms may have migrated to shallower depths where there was better growth of benthic diatoms, and returned once the sea ice and light had normalized. The sessile species Zyzzyzus par vula, Laternula elliptica, and Alcyonium antarcticum also contributed to the shift in 2004. The temporary loss of the highly mobile and predatory species Table 6 . Significant PERMANOVA pairwise test results. Bold indicates significant differences in the majority of comparisons at the p < 0.05 level. Dashes indicate comparisons that could not be made because years were not sampled; blanks are where years cannot be compared to themselves recruitment filter that allowed the 3 sessile species to establish populations (sensu Dayton et al. 2016b) . In 2009, the epifaunal communities were different from other years at the chemically and organically contaminated sites, i.e. WQB Inner and Outfall, respectively, and Cape Armitage and WQB Outer. Additionally, at Turtle Rock and Explorers Cove, communities in 2009 may also have differed, although a low number of pairwise comparisons were significantly different (3/8 years and 2/6 years, respectively; Table 6 ). The mega-icebergs cleared McMurdo Sound in 2005, but the sea ice in the Sound did not clear completely until 2008. We hypothesize that this latter epifaunal difference was also due to the movement of the mega-icebergs and clearing of the sea ice. Rather than the negative mechanism of motile species leaving due to lack of food, it may have been a positive mechanism with the same motile species moving to areas of high food concentrations (Kim et al. 2007 ). While Thrush et al. (2006) concluded that iceberg disturbance, light availability, and advection of planktonic food (proximity to open water), control benthic communities in McMurdo Sound, we note that ice disturbance and food availability may be intertwined. At Cinder Cones, we observed large 'falls' of Beggiatoa extending from a substantial ice disturbance in shallow water that had moved sediment and killed infauna in 2009, creating a food source for scavengers like O. validus and S. neumayeri (Thurber et al. 2017, S. Kim unpubl. data) . Other benthic studies in McMurdo Sound (Norkko et al. 2007 ) also found that the type of food available and utilized (detrital or fresh) was dependent on ice cover.
The only other year of community differences (2002 at Outfall South A and Explorers Cove) was after mega-iceberg emplacement, and may indicate a more rapid community response at these particular sites. Dayton et al. (2016b) reported a massive sponge recruitment event on artificial substrates that encompassed both the east and west sides of McMurdo Sound in 2002−2004. Interestingly, equivalent recruitment did not occur on natural substrates, possibly prevented by a larval filter (Dayton et al. 2016b ). Although we have no data prior to 2002, the changes we observed through 2004 support the occurrence of an ecological shift in the same time frame. The temporal shifts observed here may predict spatial differences at other (more southern) locales with more ice cover/less light availability (sensu Cummings et al. 2018) . Extensive regional studies (Cummings et al. 2006 , Lohrer et al. 2013 ) have shown that differences in sea ice cover, through light availability, impact the spatial distribution of benthic communities.
The spatially widespread nature of the shifts, encompassing the East and West Sound, further supports a causal factor on the scale of the mega-icebergs influencing food availability. Dayton et al. (2019) hypothesized that there has been an additional shift in the size of food particulates, driven by increased glacial melt and nutrient input. The more frequently collected epifaunal data from our study suggest that the community shift was temporary. For the East side group, animals that feed on large particulates were less abundant in 2003−2010, and more abundant in 2002 and 2011−2014 , while small particulate feeders were the opposite, with higher abundances in 2010−2012 and lower abundances in 2002−2009 and 2014 (Fig. 3, Table S2 ). Both the Organic and Chemical groups followed the same general pattern. In the West side group, the pattern was not clear. Animals that feed on small particulates Table S2 in the Supplement lists feeding type designations. Abundances of all species within a feeding type were summed, and because overall abundances varied significantly between sites, these values were standardized by the total for all years. To calculate the comparative abundance at all sites within a group, standardized abundances were summed relative to the number of sites. Sites that were sampled in 2 or fewer years were not included. Years that were not sampled are indicated by values of −0.01 were very abundant in 2008, and less so both before and after. This supports the mega-icebergs, which were also temporary, as the main causal factor, although there appears to be a 3−6 yr lag in the system, at least for the epifauna. 2002, 2003, and 2007. A. ant arcticum distribution was similar; it was found on hard substrates, not at chemically contaminated sites, and increased in latter years. Both of these species feed on large particulates, and their increase is further suggestive of community recovery from the lean mega-iceberg years. We note that a complicating factor is the past and ongoing release of gravel-to bouldersized sediments from activities at McMurdo Station. In the early 1960s, all of the station front sites were entirely fine sediments, but now they include varying levels of added coarse debris (S. Kim et al. unpubl. data) . These provide substrate for settle ment of sessile organisms and may lead to increases in abundances over time; however, the majority of the additional sediment was added prior to 2002 at Outfall South B, Transition, Outfall South A, Jetty North, Road, and Jetty (in decreasing order of disturbance). WQB Middle and Inner are more strongly and recently impacted because of their proximity to the ice pier, where terrestrial sediments are used annually for construction and maintenance. WQB Inner is additionally impacted by clearing of drainage ditches around McMurdo, which leads to heavy runoff of melt-water transporting fine sediments to the site. However, the extreme chemical contamination of these sites may prevent settlement and survival of many organisms.
Species contributions
S. neumayeri, which was characteristic of the Organic group (Outfall site), also had high abundances at Turtle Rock, but was low at WQB Inner, WQB Middle, and WQB Outer, as well as the West side sites Cape Bernacchi and Explorers Cove, and in 2003. Like other echinoderms, S. neumayeri is sensitive to chemical stressors but not to organic contamination (Lenihan et al. 2003) , and is widely opportunistic and motile and consequently patchily distributed. A. colbecki, characteristic of the West side com munity, generally increased during the 2003− 2004 time frame. These scallops are quite motile and, like O. validus and S. neumayeri, may track local food resources such as the outflow of phytoplanktonrich water from the nearshore freshwater moat at Explorers Cove (Dayton et al. 2019) . Dayton et al. (2019) , mean ± SE) from Dayton et al. (2019) 
Environmental and spatial details
If difference in available food was the mechanism of change, we might expect to observe correlations with sediment TOC, which we did not. However, our samples were collected early in the spring, before the annual bloom, and may not fully reflect seasonal food availability.
Sites that were sampled only once confirmed the overall spatial pattern of community differences. East side sites were generally similar to sites in the same spatial area. However, Cape Chocolate on the west side of the sound was not like other West side sites and instead was similar to the chemically contaminated site WQB Inner. Cape Chocolate extends past a small island at the southern end of Salmon Bay, a location that underwent a massive flood and sediment deposition event sometime between 1990 and 2010 (Dayton et al. 2016a) . It is possible that the resemblance between the sites is because both were severely disturbed, although the mechanisms of disturbance were different.
Summary
In eastern McMurdo Sound, a community change took place in 2004, and a less widespread one in 2009. We suggest this was due to the temporary presence of mega-icebergs at the mouth of McMurdo Sound, in support of conclusions made previously by Conlan et al. (2010, for infauna) and Dayton et al. (2019) . The mega-icebergs entered the Sound in 2000 and left in 2005; thus, on the east side of the Sound, there appears to be a lag of 4 yr between a shift in food resources and detectable change in the epifaunal community. The shift was earlier on the westside, already underway between 2002 and 2003, suggesting the community in this food-poor region is more immediately responsive to changes in food availability. West side sampling ceased in 2010 and we did not see a change between 2009 and 2010; it is possible that the West side community is not only quicker to starve to but also slower to recover.
The community shifts may be due to a difference in quality of food (size of particulates) as well as quantity. Several key species in this system are mobile and quickly respond to shifting food sources. This leads to patchy distributions and high variability. Key species also generally feed on large particulates (among other things) and were less abundant at 18 m depth during the iceberg years. A concomitant increase in sessile, small-particulate feeders demonstrates that the community change was not entirely due to transient mobility. We have shown that Antarctic epifaunal communities, so long considered stable on century scales, are dynamic on the time scale of years.
